Capsinoids are non-pungent capsaicin analogs which increase energy expenditure like capsaicin. However, the mechanisms underlying the enhancement of their energy expenditure despite their non-pungency are poorly understood. We suggest here that capsinoids increase energy expenditure in wild-type mice, but not in transient receptor potential vanilloid 1 (TRPV1) knockout mice, implying that capsinoids increase energy expenditure via TRPV1. The jejunal administration of capsinoids to anesthetized mice raised the temperature of the colon and intrascapular brown adipose tissue. Denervation of the extrinsic nerves connected to the jejunum inhibited this temperature elevation. These findings suggest that capsinoids increase energy expenditure by activating the intestinal extrinsic nerves. Although the jejunal administration of capsinoids did not raise the tail skin temperature, an intravenous injection of capsinoids did, indicating that capsinoids could barely pass through the intestinal wall into the blood. Taken together, gastrointestinal TRPV1 may be a critical target for capsinoids to enhance energy expenditure.
Capsinoids are non-pungent capsaicin analogs which increase energy expenditure like capsaicin. However, the mechanisms underlying the enhancement of their energy expenditure despite their non-pungency are poorly understood. We suggest here that capsinoids increase energy expenditure in wild-type mice, but not in transient receptor potential vanilloid 1 (TRPV1) knockout mice, implying that capsinoids increase energy expenditure via TRPV1. The jejunal administration of capsinoids to anesthetized mice raised the temperature of the colon and intrascapular brown adipose tissue. Denervation of the extrinsic nerves connected to the jejunum inhibited this temperature elevation. These findings suggest that capsinoids increase energy expenditure by activating the intestinal extrinsic nerves. Although the jejunal administration of capsinoids did not raise the tail skin temperature, an intravenous injection of capsinoids did, indicating that capsinoids could barely pass through the intestinal wall into the blood. Taken together, gastrointestinal TRPV1 may be a critical target for capsinoids to enhance energy expenditure.
Key words: CH-19 Sweet; capsinoid; capsiate; thermogenesis; heat diffusion Obesity, particularly abdominal adiposity, increases the risk for such ailments as type 2 diabetes mellitus and cardiovascular disease. 1) Therefore, reducing body fat is important for maintaining good health. There are two ways to reduce body fat: reduce the energy intake and enhance the energy expenditure.
Hot red pepper is a typical traditional food that can increase energy expenditure and reduce energy intake. [2] [3] [4] [5] Hot red pepper contains capsaicin 6) which has been reported to enhance energy expenditure and reduce body fat accumulation in animal experiments. 7, 8) Thus, hot red pepper has been considered a useful food for reducing body fat. However, since hot red pepper (capsaicin) has strong pungency and is a nociceptive stimulus, not all people can eat it in large quantities without getting a stomach ache.
New analogs of capsaicin have recently been identified from the non-pungent type of red pepper, 'CH-19 Sweet,' and were named capsinoids. 9, 10) The main capsinoids in 'CH-19 Sweet' are capsiate, dihydrocapsiate, and nordihydrocapsiate in a respective content ratio of 5:3:1.
9) Capsiate enhances energy expenditure and raises the core temperature, and chronic capsiate administration suppresses the body fat accumulation in mice as effectively as capsaicin. 11, 12) Furthermore, acute 'CH-19 Sweet' intake enhances sympathetic nervous activity, thermogenesis, and energy expenditure as effectively as hot red pepper in humans. 13, 14) A chronic 'CH-19 Sweet' intake reduces body fat and body weight in healthy people, 15) and a chronic capsinoid intake enhances energy expenditure and fat oxidation in obese people. 16) Since 'CH-19 Sweet' (capsinoids) have little pungency, 9) they may be more edible for many people than hot red pepper (capsaicin). However, the mechanism underlying their enhancement of energy expenditure despite the non-pungency is poorly understood. In order to utilize 'CH-19 Sweet' (capsinoids) as an antiobesity food, it is important to gain an understanding of this mechanism.
A capsaicin receptor has been cloned and named vanilloid receptor 1 (VR1), 17) and is now called transient receptor potential vanilloid 1 (TRPV1) as a member of the TRP super family. 18) Capsiate has been reported to activate TRPV1 with a similar potency to capsaicin in a patch clamp experiment, 19) and the thermogenesis caused by capsiate was inhibited by capsazepine, an antagonist of TRPV1. 11) We therefore speculated that capsiate, like capsaicin, may increase energy expenditure via TRPV1.
Since capsiate has little pungency and its oral stimulation did not induce nociceptive responses, unlike capsaicin, 19) the oral cavity may not be a target for capsinoids to enhance the energy expenditure while TRPV1 is expressed in the oral cavity. 20) The fact that an intragastric administration of capsiate via a stomach tube increased the energy expenditure in mice provides additional evidence for the oral cavity not being a target of capsinoids to enhance the energy expenditure. 12) There are TRPV1-immunoreactive nerve fibers in both the stomach and small intestine, 21) and almost all these fibers in the small intestine are thought to be derived from extrinsic nerves (spinal and vagus nerves). 22) We therefore examined whether or not gastrointestinal TRPV1 expressed in extrinsic nerves would be an effective target for capsinoids.
In the present study, we performed a respiratory gas analysis of TRPV1 knockout (KO) mice and show that capsinoids increased the energy expenditure and fat oxidation via TRPV1. We also show that the thermogenesis caused by capsinoids was induced via extrinsic nerves in the jejunum by measuring the change of body temperature in extrinsic nerve-denervated mice.
Materials and Methods
Animals. This study was conducted in accordance with the ethical guidelines of the Kyoto University Animal Experimentation Committee, and was in complete compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize the number of animals used and to limit experimentation to what was necessary to produce reliable scientific information and prevent any suffering. Male adult C57BL/6 strain wild-type (WT) mice and TRPV1 KO mice (obtained from Dr. D. Julius, University of California, San Francisco, CA, USA) were used in this study. The mice were 8-10 weeks old. The WT mice were purchased from Japan SLC (Hamamatsu, Japan). All of the mice were housed in standard cages (33 Â 3 Â 12 cm
3 ) under controlled conditions of temperature (22 AE 0:5 C), humidity (50%) and lighting (lights on from 1800 to 0600), and were allowed to adapt to the laboratory housing for at least 1 week before the experiments. Food (MF type; Oriental Yeast Co., Tokyo, Japan) and tap water were freely available in the cages.
Chemicals.
A capsinoid mixture of capsiate and dihydrocapsiate (68:32), as determined by an HPLC analysis, was synthesized as previously reported. 10) All other chemicals were from Biomol International (Plymouth Meeting, PA, USA), Nacalai Tesque (Kyoto, Japan) or Wako Chemicals (Osaka, Japan) and were of guaranteed reagent grade.
Respiratory gas analysis. Twelve acrylic metabolic chambers, gas analyzers (model RL-600), and a switching system (model ANI6-A-S) to sample gas from each metabolic chamber were used to measure the oxygen consumption and respiratory quotient in the mice. Each mouse was placed in a metabolic chamber (6 Â 6 Â 12 cm) designed to measure respiratory gas. The methods used have been described in a previous report. 23) Briefly, room air was pumped through the chambers, and expired air was dried in a thin cotton column and then directed to a gas analyzer. The amounts of fat and carbohydrate oxidized were calculated from the values for oxygen consumption and the respiratory quotient by using appropriate software. The instruments and software were obtained from Alco System (Chiba, Japan). The mice were prohibited access to food 3 h before the administration, and were administered with capsinoids (10 mg/kg of body wt), capsaicin (10 mg/kg of body wt), or a vehicle via a stomach tube. The doses of capsinoids and capsaicin used have been reported to increase the oxygen consumption and body temperature in mice. 11, 12) The vehicle consisted of a 0.85% NaCl solution containing 3% ethanol and 10% Tween 80 as described in a previous report. 12) Each mouse had free access to water during the period in the metabolic chamber. One mouse was randomly administered with each solution on a different day. To avoid the effect of a previous administration, the respiratory gas was measured at least 2 d after that administration. The respiratory gas was measured for 3 h after the relevant administration.
Temperature measurement system. The tail skin temperature, an index of heat diffusion, was measured with a PT-6 thermistor (Physitemp Instruments, Clifton, NJ, USA) attached to the dorsal base of the tail. The colonic temperature, an index of the core temperature and deep body thermogenesis, was measured by inserting the same thermistor 2 cm into the colon. The interscapular brown adipose tissue (IBAT) temperature, an index of local thermogenesis, was measured with the same thermistor placed between an IBAT pad and the trapezius muscle. The indices used were the same as those described in a previous report. 24) Each thermistor was connected to a NR-1000 temperature recorder (Keyence, Osaka, Japan). The mice were placed on a fixedtemperature heating pad to maintain their core temperature at around [36] [37] C during the experiments, as described in the previous report.
25)
Body temperature measurement before and after the jejunal administration of capsinoids and capsaicin. The mice were anesthetized with urethane (1.4 g/kg of body wt, i.p.) after being prohibited access to the diet for 3 h. After setting thermistors on the tail skin, colon, and IBAT, a laparotomy was conducted, and a SP-10 cannula (0.28 mm internal diameter, 0.61 mm external diameter; Natsume Seisakusho, Tokyo, Japan) was inserted into the jejunum to administer the solution. After inserting the cannula, the abdominal area was covered with a plastic wrap to prevent heat loss from the abdomen. The temperature was measured for 30 min before administering the capsinoids (50 mg/kg of body wt), capsaicin (10 mg/kg of body wt), or vehicle via the cannula and for 240 min after administration to the WT mice. The same temperature measurement was done before and after administering the capsinoids (50 mg/kg of body wt) to the TRPV1 KO mice. The dose of capsinoids given has been reported to reduce body fat accumulation in mice.
12) The administration rate was adjusted to be completed within 5 min by a KDS100 micro syringe pump (KD Scientific, Holliston, MA, USA).
Tail skin temperature measurement before and after the intravenous administration of capsinoids and capsaicin. The mice were anesthetized with urethane (1.4 g/kg of body wt, i.p.) and then cannulated into the jugular vein, before a thermistor was attached to the tail skin. The tail skin temperature was measured before and after the intravenous administration of capsinoids (2 mg/ml, 10 ml), capsaicin (0.2 or 2 mg/ml, 10 ml) or the vehicle (10 ml). The dose of capsinoids was set at about one-fiftieth of the dose used in the jejunal administration experiment. This dose was chosen because it has been reported that dihydrocapsaicin, which is one of the capsaicin analogs, was well metabolized in the liver after its intragastric administration, and the amount of dihydrocapsaicin detected in circulating blood was less than 5% of the total administered amount.
26) The administration rate was adjusted to 500 ml/h by the micro syringe pump.
Body temperature measurement before and after the jejunal administration of capsinoids and capsaicin in extrinsic nerve-denervated mice. The mice were assigned to two groups, an extrinsic nerve crush group and a sham group. Nerve crushing is the general method used to inhibit the nerve function.
27) The crush group was anesthetized with sodium pentobarbital (50 mg/kg of body wt, i.p.), and the abdomen was cut open by a midline incision. A 5-cm-long loop of the jejunum was exposed through the abdominal incision. All mesenteric peri-arterial nerves supplying the jejunum loop were pinched together with veins, arterials and lymph ducts by using fine forceps for 10 min at about 10 mm from the mesenteric border of the jejunum. The abdomen was then sewn up, and the mice were allowed to rest for 24 h after the surgery. The same treatment, except for the pinching, was done for the sham group. Twenty-four hours after the surgery, the mice were anesthetized with urethane (1.4 g/kg of body wt, i.p.) after they had been prevented from access to diet for 2 h. After setting the thermistors on the tail skin, colon, and IBAT, the abdomen was cut open again. Both ends of the crushed jejunum were ligated, and a cannula was inserted into the portion to administer the solution. After inserting the cannula, the abdominal area was covered with a plastic wrap to prevent heat loss from the abdomen. The temperature was measured for 10 min before administering the capsinoids (50 mg/kg of body wt) or capsaicin (10 mg/kg of body wt) and for 30 min after the administration. The administration rate was adjusted so that the treatment would be completed within 5 min by using the micro syringe pump.
Data presentation. Since each basal point temperature differs among mice, the mean value of the temperature before administration was set as the baseline value (0 C), and the relative values after administration were compared.
Statistical analysis. Each data value is expressed as the mean AE SEM. The oxygen consumption and the amounts of oxidized carbohydrate and fat were analyzed by one-way ANOVA and the post-hoc Tukey-Kramer test. In the temperature measurements, the effects of time, treatment, and time Â treatment were evaluated by two-way repeated-measures ANOVA. To compare each group at certain times, one-way ANOVA and the post-hoc Tukey-Kramer test was used for three-group comparisons, and the unpaired t-test was used for two-group comparisons. One-way repeated-measures ANOVA was used to detect changes over time within the same group. The body weight and respiratory quotient were analyzed by an unpaired t-test. Statistics were calculated with the StatView software package (Macintosh Version J 5.0, Abacus Concepts, Berkeley, CA, USA), differences being considered statistically significant at p < 0:05.
Results

Respiratory gas analysis
We analyzed the respiratory gas after the intragastric administration of capsinoids (10 mg/kg of body wt) or capsaicin (10 mg/kg of body wt) to the TRPV1 KO mice (Fig. 1b, d and f) and WT mice (Fig. 1a, c and e) . The integrated values of oxygen consumption for 3 h in the capsinoid and capsaicin groups were significantly higher than that in the vehicle group of WT mice (Fig. 1a ), but no difference was apparent among the three groups of TRPV1 KO mice (Fig. 1b) . The integrated values of fat oxidation for 3 h in the capsinoid and capsaicin groups were significantly higher than that in the vehicle group of WT mice (Fig. 1c) . However, no difference was apparent among the three groups of TRPV1 KO mice (Fig. 1d) . The integrated values of carbohydrate oxidation for 3 h in the capsinoid and capsaicin groups were significantly lower than that in the vehicle group of WT mice (Fig. 1e) . No difference was apparent among the three groups of TRPV1 KO mice (Fig. 1f) . These data indicate that both the enhanced energy expenditure and fat oxidation and the suppressed carbohydrate oxidation by capsinoids were mediated by TRPV1 as effectively as by capsaicin.
The mean body weight of the WT mice was significantly higher than that of the TRPV1 KO mice used in the respiratory gas analysis, although the age in weeks was the same for the two strains (Fig. 1g) . There was no significant difference in the respiratory quotient between the WT mice and TRPV1 KO mice after 3 h of fasting (Fig. 1h) .
Changes in body temperature before and after the jejunal administration of capsinoids and capsaicin
The tail skin temperature, which is thought to be an index of heat diffusion, was elevated by capsaicin administration (10 mg/kg of body wt). This higher temperature was maintained for about 30 min after the administration. However, neither the capsinoids (50 mg/kg of body wt) nor vehicle affected the tail skin temperature (Fig. 2a) . These results suggest that, in the case of jejunal administration, capsaicin elevated the heat diffusion effect but capsinoids did not. The colonic temperature, which is an index of the core temperature and deep body thermogenesis, after the jejunal administration of capsinoids and capsaicin was significantly higher than that in the vehicle group (Fig. 2b) . The IBAT temperature, which is an index of local thermogenesis, was rapidly increased in the capsinoid and capsaicin groups, like the colonic temperature (Fig. 2c) . These results suggest that capsinoids acted in the small intestine and raised thermogenesis as effectively as capsaicin did in the WT mice.
Although the jejunal administration of capsinoids increased the colonic and IBAT temperatures in the WT mice, these effects were not apparent in the TRPV1 KO mice (Fig. 3a and b) . These results suggest that the enhanced thermogenesis by capsinoids was mediated by TRPV1.
Effect on tail skin temperature of the intravenous administration of capsinoids and capsaicin
Since there was a different heat diffusion effect between capsinoids and capsaicin, despite the fact that Although the amounts of oxygen consumption and fat oxidation were increased by the administration of capsinoids or capsaicin in WT mice (n ¼ 16; a and c), there was no effect on TRPV1 KO mice (n ¼ 14; b and d). The amount of carbohydrate oxidation was decreased by the administration of capsinoids or capsaicin in WT mice (e), but there was no effect on the TRPV1 KO mice (f). Each value is the mean AE SEM.
Ã Significantly different from the vehicle group, p < 0:05. The mean body weights were significantly different between the WT mice and TRPV1 KO mice used in the respiratory gas analysis by an unpaired t-test ( Ã p < 0:05, g). The respiratory quotients after 3 h of fasting in the WT and TRPV1 KO mice are shown in h. There was no significant (NS) difference between the two groups.
both capsinoids and capsaicin increased the energy expenditure via TRPV1, we thought that something else besides TRPV1 was involved in the difference in heat diffusion effect. Since capsinoids have an ester bond, they may be hydrolyzed by esterases and lipases in the gastrointestinal tract. It has also been reported that capsiate was easily broken down under normal aqueous conditions. 19) We thus thought that capsinoids may be broken down in digestive juice and circulating blood. We hypothesized that capsinoids did not affect the heat diffusion effect, because the passage rate of capsinoids from the intestine to circulating blood was lower than that of capsaicin. To clarify this hypothesis, we next examined the effect on tail temperature of the intravenous administration of capsinoids.
The tail skin temperature rapidly increased after the intravenous administration of capsinoids (2 mg/ml, 10 ml) to the WT mice (Fig. 4a) . With the TRPV1 KO mice, the tail skin temperature was not changed by the intravenous administration of capsinoids. Intravenous administration of the vehicle also did not change the tail skin temperature of the WT mice. These results suggest that capsinoids could elevate the heat diffusion effect if they entered the circulating blood, and that the heat diffusion effect caused by capsinoids was induced via TRPV1. Since the jejunal administration of capsinoids did not enhance heat diffusion, capsinoids are thought to barely pass from the intestinal wall to circulating blood.
All WT mice (3/3) died after the intravenous administration of capsaicin (2 mg/ml, 10 ml), probably due to its toxicity.
28) The tail skin temperature was elevated after the intravenous administration of capsaicin (0.2 mg/ml, 10 ml) (Fig. 4b) . This result suggests that capsaicin in the circulating blood could elevate heat diffusion as effectively as capsinoids in the circulating blood.
Effect on body temperature of the jejunal administration of capsinoids and capsaicin to extrinsic nervedenervated mice
Since capsinoids seemed to barely pass from the intestinal wall to circulating blood, we thought that they would have a strong effect in the gastrointestinal tract. It has been reported that TRPV1 channels existing in the small intestine are derived from extrinsic nerves. 22) Since we found that capsinoids enhanced energy expenditure via TRPV1, we next examined whether capsinoids could enhance thermogenesis via extrinsic nerves in the jejunum. Each value is the mean AE SEM (n ¼ 5{18). There were significant differences between groups by two-way repeated-measures ANOVA (p < 0:05). A significant difference was apparent at each time point (p < 0:05: Ã capsinoids vs. vehicle, # capsaicin vs. vehicle). Each value is the mean AE SEM (n ¼ 4{5). There was a significant difference between groups by two-way repeated-measures ANOVA (p < 0:05). A significant difference was apparent at each time point (p < 0:05:
Ã WT vs. TRPV1KO).
The colonic temperature was increased by capsinoid injection (50 mg/kg of body wt) into the jejunal loop of the mice that received the sham operation. However, in the case of the mice with denervated extrinsic nerves in the jejunum, the colonic temperature was not increased by a similar capsinoid injection (Fig. 5b) . The same results were obtained in the case of the IBAT temperature. Denervation of the extrinsic nerves in the jejunum diminished the elevation of IBAT temperature by capsinoids, but not with the sham-operated mice (Fig. 5c) . These results suggest that the enhanced thermogenesis by capsinoids was induced via the extrinsic nerves in the jejunum. The tail temperature was increased in the sham-operated group, and this increase was also diminished by denervation of the extrinsic nerves in the jejunum (Fig. 5a) .
The tail temperature was markedly increased by the jejunal administration of capsaicin (10 mg/kg of body wt) in the sham-operated group. However, unlike the case with capsinoids, the increment of tail skin temperature due to capsaicin was not diminished by denervation of the extrinsic nerves in the jejunum (Fig. 6 ). This result indicates that the contribution of the extrinsic nerves in the jejunum to heat diffusion was very limited in the case of capsaicin administration. Changes in the colon and IBAT temperatures by capsaicin administration were also no different between the sham and crush groups, while no elevation of the colon and IBAT temperatures was apparent for 30 min after the administration (data not shown). It is thought that enhancement of the heat diffusion was predominant for 30 min in this experiment, although thermogenesis was also enhanced.
Discussion
The intragastric administration of capsinoids and capsaicin to WT mice markedly enhanced the oxygen consumption and fat oxidation and decreased the Changes in temperature of the tail in WT and TRPV1 KO mice before and after the intravenous administration of capsinoids (2 mg/ml, 10 ml) or the vehicle (a). Each value is the mean AE SEM (n ¼ 3{7). There was a significant difference between groups by two-way repeated-measures ANOVA (p < 0:05). A significant difference was apparent at each time point (p < 0:05:
Ã WTcapsinoids vs. WT-vehicle, # WT-capsinoids vs. TRPV1KO-capsinoids). Change in temperature of the tail in WT mice before and after the intravenous administration of capsaicin (0.2 mg/ml, 10 ml) or the vehicle (b). Each value is the mean AE SEM (n ¼ 4{5). There was a significant difference between groups by two-way repeatedmeasures ANOVA (p < 0:05). A significant difference was apparent at each time point (p < 0:05:
Ã capsaicin vs. vehicle). Each value is the mean AE SEM (n ¼ 10{11). There were significant differences between groups by two-way repeated-measures ANOVA (p < 0:05). A significant difference was apparent at each time point (p < 0:05:
Ã crush-capsinoids vs. sham-capsinoids).
carbohydrate oxidation in this study. In contrast, these same effects were not apparent from the administration of capsinoids and capsaicin to TRPV1 KO mice. These findings show that the enhancement of oxygen consumption and changes in the fat and carbohydrate oxidation levels by capsinoids were identical to those by capsaicin, and that these effects were induced via TRPV1. Snitker et al. have recently reported that capsinoid ingestion was associated with an increase in fat oxidation, and that the genetic variant of TRPV1 was correlated with the change in abdominal adiposity by capsinoids in humans. 29) These results are consistent with those of the present study. It is interesting to note that the basal levels of oxygen consumption and fat oxidation observed with the vehicle administration were higher in the TRPV1 KO mice than in the WT mice. Moreover, the body weight of the WT mice was higher than that of the TRPV1 KO mice. These results are consistent with those in a previous report. 30) Since TRPV1 is expressed not only in peripheral neurons, but also in the brain, 31) including the hypothalamus that plays a critical role in controlling energy metabolism, the lack of TRPV1 expressed in the brain may have modified the basal energy metabolism in the TRPV1 KO mice. Furthermore, it has been reported that the amplitude of the daily body temperature rhythm of TRPV1 KO mice was higher than that of WT mice, although another study has indicated that TRPV1 KO mice exhibited no obvious difference in daily body temperature rhythm. 32, 33) It therefore seems that the daily energy metabolism rhythm may also be different between TRPV1 KO and WT mice. However, the present experiment is considered sufficient to compare the effects on metabolic rate of capsinoids and capsaicin between WT and TRPV1 KO mice, because the respiratory quotients after 3 h of fasting were almost the same between the two strains. Since the fat oxidation observed by vehicle administration was higher in the TRPV1 KO mice than in the WT mice, fasting over 3 h may have induced the elevated fat oxidation in TRPV1 KO mice.
We measured in the present study the temperature change at three points in the mouse body. The mice were anesthetized with urethane, which is often used for the measurement of body temperature changes in anesthetized experimental animals. 25, [34] [35] [36] Moreover, we set the conditions so that the changes in body temperature of the control group mice would be minimal, and the mice were given constant heat by a heating pad. The colonic temperature, an index of the core temperature and deep body thermogenesis, was kept constant in the control group. We have previously revealed that the administration of capsiate increased the level of uncoupling protein 1 protein and mRNA in IBAT. 37) Thus, the IBAT temperature, an index of local thermogenesis, can be a good index to analyze the effects of capsinoids and capsaicin. Elevation of the tail skin temperature is thought to be an index of heat diffusion, like the ear skin temperature in mice covered with hair, except in the tail and ears.
We found that the jejunal administration of capsinoids enhanced thermogenesis but not heat diffusion. These results suggest that capsinoids increased the energy expenditure via thermogenesis without affecting heat diffusion. Moreover, we revealed that the enhancement of thermogenesis by capsinoids was induced via TRPV1. On the other hand, the jejunal administration of capsaicin enhanced both thermogenesis and heat diffusion. This result is consistent with the report that subcutaneous capsaicin administration simultaneously enhanced both thermogenesis and heat diffusion. 25) We have previously reported that 'CH-19 Sweet,' containing capsinoids, elevated thermogenesis as effectively as hot red pepper, but that the heat diffusion effect on humans caused by 'CH-19 Sweet' was weaker than that caused by hot red pepper.
13) The study on humans is also consistent with the present study.
We then found that the intravenous administration of capsinoids enhanced heat diffusion, and that this enhancement was induced via TRPV1. Since the jejunal administration of capsinoids did not elevate heat diffusion, capsinoids are thought to have barely passed from the intestine to circulating blood. The passage amount is thought to be below at least one-fiftieth because of the dosages used in the two experiments. Indeed, intact capsinoids have not been detected in the circulating blood of humans after their oral intake (30 mg/person). 38) We next revealed that the capsinoid-induced thermogenesis was abolished by denervation of the extrinsic nerves in the jejunum. Since capsinoids are thought not to pass through the gastrointestinal wall and TRPV1 is expressed in the extrinsic nerves of the jejunum, 22) capsinoids are thought to enhance thermogenesis via TRPV1 expressed in these extrinsic nerves. This result is consistent with the report that TRPV1 ligands (capsaicin and acid) increased the jejunal afferent activity via TRPV1. 39) We have previously observed that the intragastric administration of capsinoids also enhanced thermogenesis in a mouse ligated pylorus (Kawabata F, Masamoto Y, and Fushiki T, unpublished results). Thus, the TRPV1 channels expressed in the stomach and small intestine are thought to be critical targets for capsinoids to enhance thermogenesis.
On the other hand, the heat diffusion effect caused by capsaicin was not abolished by denervation of the extrinsic nerves in the jejunum. Furthermore, although the heat diffusion effect of capsinoid administration was Each value is the mean AE SEM (n ¼ 9{11). The tail temperature significantly increased after the jejunal administration of capsaicin in the two groups (p < 0:0001, one-way repeated-measures AN-OVA). There was no significant difference between the two groups.
observed in the small intestine-ligated mice (shamoperated mice), its effect was smaller than that caused by capsaicin. These results suggest that the contribution of extrinsic nerves to heat diffusion was poor and that capsaicin may have induced heat diffusion after absorption from the gastrointestinal tract. Indeed, the intravenous administration of capsaicin enhanced heat diffusion in the present study. It has been reported that dihydrocapsaicin was detected in circulating blood after an intragastric administration. 26) Since Osaka et al. have reported that the heat diffusion effect caused by capsaicin was induced via the forebrain, which contains the preoptic area of the hypothalamus considered to be the main integrator site of thermoregulation, 35 ) the capsaicin-induced heat diffusion effect observed in this study may have been induced after signal transduction from circulating blood capsaicin to the forebrain via some pathway. Caterina et al. have shown that a subcutaneous administration of capsaicin decreased the core temperature via TRPV1. 40) The drop in core temperature was probably induced by enhanced heat diffusion. Thus, the capsaicin-induced heat diffusion effect observed in this study may have been induced via TRPV1.
We have previously reported that, although the ingestion of hot red pepper elevated the heart rate and blood pressure, the ingestion of capsinoid-containing 'CH-19 Sweet' did not induce these effects on humans. 13) This feature of capsinoids may be due their not passing through the gastrointestinal wall. Since capsinoids have weak pungency and are thought not to pass through the gastrointestinal wall, the side-effects by capsinoids are thought to be smaller than those by capsaicin.
The jejunal administration of capsaicin enhanced both the thermogenesis and heat diffusion, so the heat generated by capsaicin-induced thermogenesis may have been partly released from the body by capsaicin-induced heat diffusion. However, since the jejunal administration of capsinoids only enhanced thermogenesis, the heat generated by capsinoid-induced thermogenesis may be maintained in the body. The effects of capsaicin and capsinoids on thermal sensation and thermal comfortdiscomfort may therefore be different. It would be important to ascertain the effects of capsinoids on thermal sensation and thermal comfort-discomfort for using capsinoids as a functional food.
Although several studies have shown that the administration of TRPV1 agonists such as capsaicin and resiniferatoxin decreased the core temperature immediately after administration, 40, 41) we did not observe any decrease of the core temperature by the administration of capsaicin in this study. It is known that the administration of capsaicin enhanced thermogenesis and heat diffusion simultaneously and independently. 25) The peak elevation of the tail temperature, the index of heat diffusion, was about 0.5 C for 30 min in this study, while the peak was about 1.5-2 C for 150 min in other studies in which a decrease of the core temperature was observed. 25, 36) It is thought that we did not see a decrease of the core temperature because the effects of skin vasodilation were weak under our experimental conditions, administration route and concentration.
It has been reported that the tonic activation of TRPV1 channels in the abdominal viscera by as yet unidentified non-thermal factors inhibited skin vasoconstriction and thermogenesis, and that the core temperature was elevated by releasing the inhibition by AMG0354, a TRPV1 antagonist. 42) In the present study, we found that the administration of TRPV1 agonists (capsinoids and capsaicin) enhances thermogenesis, and that hyperthermia may have been induced via gastrointestinal TRPV1. These results suggest that both the activation and inactivation of visceral (gastrointestinal) TRPV1 may enhance thermogenesis, or that desensitization of TRPV1 by agonists may induce similar effects to AMG0354. Since a capsinoid intake has accelerated energy expenditure via catecholamine secretion, 12) and the catecholamine secretion was inhibited by capsazepine, 43) a TRPV1 antagonist, more activation of tonic activated visceral TRPV1 induced by an extrinsic TRPV1 agonist such as capsinoid may increase catecholamine secretion and enhance thermogenesis. To elucidate differences in the thermogenesis mechanism between agonists and antagonists of TRPV1, further studies are needed to examine whether catecholamine secretion would be increased when TRPV1 is inhibited by a TRPV1 antagonist such as AMG0354 42) which enhances thermogenesis.
We propose from the results of the present study that capsinoids enhanced energy expenditure and fat oxidation by activating extrinsic nerves expressing TRPV1 in the small intestine and by accelerating thermogenesis. On the other hand, we found that although capsaicin enhanced energy expenditure and fat oxidation via TRPV1 as effectively as capsinoids, capsaicin enhanced both thermogenesis and heat diffusion, unlike capsinoids. Furthermore, we suggest that the site of action of the capsinoids would be the gastrointestinal tract, and that of capsaicin would be both the gastrointestinal tract and the whole body via circulating blood.
